, a presynaptic organizer of synaptic vesicle fusion, is a powerful mechanism to regulate synaptic strength. Munc18-1 is a proposed substrate for the Down Syndromerelated kinase dual-specificity tyrosine phosphorylation-regulate kinase 1a (Dyrk1a) and mutations in both genes cause intellectual disability. However, the functional consequences of Dyrk1a-dependent phosphorylation of Munc18-1 for synapse function are unknown. Here, we show that the proposed Munc18-1 phosphorylation site, T479, is among the highly constrained phosphorylation sites in the coding regions of the gene and is also located within a larger constrained coding region. We confirm that Dyrk1a phosphorylates Munc18-1 at T479. Patch-clamp physiology in conditional null mutant hippocampal neurons expressing Cre and either wildtype, or mutants mimicking or preventing phosphorylation, revealed that synaptic transmission is similar among the three groups: frequency/ amplitude of mEPSCs, evoked EPSCs, paired pulse plasticity, rundown kinetics upon intense activity and the readily releasable pool. However, synapses expressing the phosphomimic mutant responded to intense activity with more pronounced facilitation. These data indicate that Dyrk1a-dependent Munc18-1 phosphorylation has a minor impact on synaptic transmission, only after intense activity, and that the role of genetic variation in both genes in intellectual disability may be through different mechanisms.
Results
The proposed Stxbp1 T479 target site for Dyrk1a is among the highly constrained phosphorylation sites and is also located within a larger constrained coding region. STXBP1 has multiple known phosphorylation sites that were identified in large-scale phosphoproteomic screens looking at in vivo phosphorylation of synaptic proteins 1 and tyrosine phosphorylation sites in the mouse brain 37 as well as potential phosphorylation sites 13, 19 . To prioritize these, we overlaid orthogonal empirical data. Using whole exome sequencing data from 123,136 humans, (PMID 30531870) 38 we identified exonic regions that were markedly intolerant to variation across the whole exome. Genetic variation can be expected to occur virtually everywhere in the genome: if genetic variation is not observed in an exon-sized region in adult humans, this region is constrained and likely subject to strong purifying selection. Given the known criticality of STXBP1 to synaptic function, we wished to prioritize phosphorylation sites that were highly intolerant to exonic mutation: 12 of 18 Stxpb1 phosphorylation sites were found to be highly intolerant to variation (constrained coding region intolerance scores in the 89-99th percentile, Fig. 1a , Supplementary Table S1 ). The proposed Stxbp1 T479 target site for Dyrk1a is among the highly constrained phosphorylation sites and is also located within a larger constrained coding region ( Supplementary Table S2 ).
Dyrk1a phosphorylates but does not co-precipitate Munc18-1. Currently, in vivo evidence for
Dyrk1a phosphorylating Munc18-1 is lacking but in vitro experiments suggest that Dyrk1a phosphorylates Munc18-1 at T479 19 . To confirm this, an in vitro kinase assay was used, in which isolated rodent Munc18-1 was incubated with purified active Dyrk1a or the validated kinase ERK as positive control 18 in the presence of [γ-32P]-ATP. We confirmed that active Dyrk1a phosphorylates Munc18-1 (Fig. 1b ). Amino acid substitution of the target amino acid T479 to either aspartic acid or alanine prevents phosphorylation of Munc18-1 (Fig. 1c ), thereby validating T479 as the Dyrk1a target site. However, using co-immunoprecipitation, no stable interaction between Munc18-1 and Dyrk1a was detected (Fig. 1d ). These findings suggest that under our experimental conditions, Dyrk1a transiently interacts with Munc18-1 to phosphorylate the T479 residue.
Dyrk1a-dependent Munc18-1 site T479 plays a minor role in neuronal survival. Dyrk1a regulates cortical development via many targets 27, 29, 39, 40 . To exclusively investigate the functional impact of Dyrk1a-dependent Munc18-1 phosphorylation, we expressed one of two phosphorylation mutants, replacing the threonine at amino acid 479 either with aspartic acid (M18 T479D , to mimic the phosphorylated state) or alanine (M18 T479A , to prevent phosphorylation) in munc18 null neurons. Wildtype Munc18-1 (M18 WT ) served as a positive control. Munc18 null neurons die within days in vivo and in vitro 6, 7 . Survival of munc18 null neurons expressing M18 T479D was comparable to M18 WT expressing neurons, but higher variability was observed in neurons expressing M18 T479D . Compared to neurons expressing M18 WT , survival of M18 T479A expressing neurons was reduced by 15% (p < 0.05, Fig. 1f ). Hence, the mutant that cannot be phosphorylated at T479 shows a minor reduction in supporting cellular viability.
Neuronal morphology and Munc18-1 levels are normal in neurons mimicking Dyrk1a-phosphorylation of Munc18-1. To test whether neuronal development and synapse formation are influenced by
Dyrk1a-dependent phosphorylation of Munc18-1, we compared neuronal morphology and synapse development in single hippocampal Munc18-1 lox neurons expressing Cre-EGFP and M18 T479A , M18 T479D or M18 WT after 15 days in vitro ( Fig. 2a ). Dendrite length was the same between the conditions (Fig. 2b) , while neurons expressing M18 T479A had about 10% more synapses per micrometre neurite than control neurons, which have not been infected with virus ( Fig. 2c ).
Munc18-1 levels are known to influence synaptic strength 41 . To control for possible confounding effects of potentially different expression levels in experiments with different phophomutants and to test the effect of Dyrk1a-dependent Munc18-1 phosphorylation on Munc18-1 cellular half-life, we compared the expression levels of M18 T479A , M18 T479D and M18 wt using immunocytochemistry. The expression levels of all Munc18-1 variants were similar ( Fig. 2d,e ). Hence, neuronal morphology, synapse formation and cellular Munc18-1 levels were all similar among neurons expressing wildtype or one of the phosphomutants, aside from some minor variation.
Synaptic transmission is normal, but synaptic recovery is enhanced in neurons mimicking
Dyrk1a-phosphorylation of Munc18-1. Using whole-cell patch-clamp electrophysiology on single hippocampal neurons grown on glia islands (autapses), we investigated the effects of M18 T479A and M18 T479D on synaptic transmission and short-term plasticity using M18 WT as a positive control. Expression of M18 Y473D , mimicking phosphorylation by Src, was previously shown to severely inhibit synaptic transmission 17 and was used here as a negative control to test the successful conditional deletion of Munc18-1. Neurons expressing M18 T479A or M18 T479D showed a similar spontaneous mEPSC frequency ( Fig. 3b ) and amplitude ( Fig. 3c ) as neurons expressing M18 WT . Similarly, evoked release was similar between M18 WT , M18 T479A , and M18 T479D (Fig. 3d,e ). Paired pulse plasticity, evaluated with varying inter-stimulus intervals, was also similar among neurons expressing M18 T479A , M18 T479D , and M18 WT (Fig. 3f,g) .
High-frequency train stimulation at 40 Hz showed similar depression of synaptic transmission in all three conditions ( Fig. 3h ,i). During high frequency stimulation, the readily releasable pool (RRP) of synaptic vesicles is depleted. Moreover, the estimated RRP size (based on back-extrapolation of the steady-state, Fig. 3l ) and the total transferred charge ( Fig. 3m ) were similar in neurons expressing either of the Munc18-1 mutants compared Supplementary Fig. S1 ). (d) Cell lysate from HEK293T cells expressing M18 WT , M18 T479A or M18 T479D together with or without myc-Dyrk1a were immunoprecipitated (IP) with Munc18-1 antibody (αM18). Dyrk1a was immunoblotted for whether it was immunoprecipitated with Munc18-1 using αmyc (top IP), after which the blot was reblotted for Munc18-1 (bottom IP). Total lysate (TL) is shown for loading control (immunoblotted for αM18 and αmyc at the same time). The blot includes the control for non-specific binding conducted with empty beads (lane 1), and in the absence of Dyrk1a (lane 2) and Munc18-1 (lane 3) for specificity of the interaction. Blots were cropped for clarity (full blot available in Supplementary Fig. S1 ). (e) Example pictures of munc18 null neurons rescued with either of the three Munc18-1 constructs, immunostained with MAP2. (f) Quantification of surviving munc18 null neurons transfected with either M18 WT , M18 T479A or M18 T479D , normalized to cells expressing M18 WT , to control for batch to batch variation (M18 WT : n = 6; M18 T479A : n = 6; or M18 T479D : n = 6; Kruskal-Wallis test and Dunn's multiple comparison test, M18 WT versus M18 T479A = P < 0.05, M18 WT versus M18 T479D = P > 0.05, M18 T479D versus M18 T479A = P > 0.05). www.nature.com/scientificreports www.nature.com/scientificreports/ to wildtype. However, neurons expressing M18 T479D showed significantly enhanced recovery after depletion during the 40 Hz train stimulation compared to neurons expressing M18 T479A or M18 WT (Fig. 3j ). In conclusion, basic synaptic transmission, release probability, and RRP size are all unaltered by mimicking or preventing 
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Discussion
This study shows that T479 is among several phosphorylation sites in Munc18-1 that are constrained and can be phosphorylated in vitro. Despite other established strong effects of Munc18-1 phosphorylation 5, [16] [17] [18] 42, 43 , T479 is not a major regulatory site under the conditions tested here. Synaptic transmission is maintained at wildtype level when mimicking or preventing Dyrk1a-dependent phosphorylation, except for recovery after intense stimulation. Mimicking the phosphorylated state of Munc18-1 increases synaptic transmission after intense stimulation under these conditions. Phosphorylation of Munc18-1 at different residues has consistently shown to be important for the regulation of synaptic transmission. Kinases such as PKC [14] [15] [16] , Src 17 and ERK 18 have a major impact on Munc18-1 function and synaptic transmission, regulating DAG-induced potentiation, SNARE complex formation, and degradation of Munc18-1, respectively. In the native protein, the ERK and Src phosphorylation sites, at serine (S) 241 and tyrosine (Y) 473, are in close proximity to the Dyrk1a phosphorylation site in the three dimensional crystal structure 44, 45 , suggesting a regulatory hub. Thus, surprisingly, spontaneous, evoked synaptic transmission and most short-term plasticity parameters were unaltered by replacing wildtype Munc18-1 for one of the T479 mutants. Park et al. hypothesized a Dyrk1a-dependent regulation of the interaction between Munc18-1 and syntaxin, despite T479 being localized further away from the interaction site 19 . T479 is located at the edge of domain 3b of Mun18-1. This region is not associated with binding to synaptobrevin/VAMP2 or syntaxin 44, 45 , the canonical interactors of Munc18-1, which are essential for its function. A phosphorylation site that critically influences Munc18-1 function, the Src kinase phosphorylation site (Y473) 17 , is located close to T479. Furthermore, Y473 is a predicted binding site of synaptobrevin/VAMP2 17, 45 . Despite being 6 amino acids away from Y473, mimicking or preventing phosphorylation at T479 does not have a strong regulatory effect on synaptic transmission and is therefore likely to be located away from where synaptobrevin/VAMP2 and Munc18-1 interact.
Using co-immunoprecipitation, we did not replicate the interaction between Munc18-1 and Dyrk1a reported previously 19 . In contrast to the full length Dyrk1a protein used in this study, we used a truncated form of Dyrk1a that comprises the n-terminal amino acid residues 1 to 499 including the kinase domain. The construct used was comprised primarily of the kinase domain and might therefore be missing important interaction sites in the C-terminal end that makes the interaction sufficiently stable to show using co-immunoprecipitation. However, Dyrk1a was not identified as an interactor of Munc18-1 in a previously conducted pulldown experiment either (data not shown). The interaction between Munc18-1 and Dyrk1a is therefore probably transient, sufficient for phosphorylation to occur but not stable enough to be picked up using pulldown experiments.
In neurons expressing the phosphorylation mimicking Munc18-1 mutant, high frequency stimulation was followed by increased EPSC size, consistent with either increased recovery of the RRP or increased release probability. This observation can be attributed to at least three mechanisms: the speed at which the RRP is refilled (endocytosis/re-use of vesicles 46, 47 or transport from the reserve pool to the RRP 48 ); the number or vesicles at the active zone 49 ; or the availability of Munc18-1 at the active zone 41, 43 . It is difficult to distinguish which process contributes to the observed phenotype but increased synaptic levels of Munc18-1 after high frequency stimulation might be the most plausible seeing as the baseline Munc18-1 levels at the synapse were not affected. Moreover, acutely overexpressing Munc18-1 using Semliki virus shows a similar increase in EPSC size after a 40 Hz train stimulation 41 . Altered local levels of Munc18-1 at the synapse could change synaptic transmission by increasing the number of available fusion-ready vesicles. Dyrk1a-dependent phosphorylation is the first known phosphorylation site of Munc18-1 that does not regulate the role of Munc18-1 in synaptic transmission but mildly influences recovery after high frequency stimulation. In a neuronal network this could make the network more vulnerable or resistant after activity, which could be relevant in epilepsy.
Munc18-1 and Dyrk1a play an important role in brain development 6, 29 . Both Munc18-1 and Dyrk1a haploinsufficiency cause seizures in human patients 8, 11 and mice 12, 34 . For example, mice deficient in Munc18-1 as well as Dyrk1a display seizures and cognitive deficiencies 12, 34 . De novo mutations in DYRK1A are found in 0.1-0.5% of people with autism 50 and about 0.5% of people with syndromic forms of ID 51 . STXBP1 and DYRK1A have been associated with autism using whole exome sequencing 9 and DYRK1A has been identified in several whole exome and target sequencing studies (see review 52 ). DYRK1A and STXBP1 associated disorders show symptomatic overlap. Core symptoms of DYRK1A-deficiency disorders include ID, microencephaly, developmental delay, seizures, and autistic feature (e.g., impairment in social interaction/communication and repetitive behaviours) 8, 50, 52, 53 . and STXBP1 encephalopathy patients show severe ID, autistic features, and in 95% of the cases occurrence of epilepsy 11 . Hippocampal neurons expressing the phosphorylation mimicking or preventing mutants of Munc18-1 show normal synaptic transmission and only after high frequency stimulation does Dyk1a-dependent phosphorylation of Munc18-1 have a minor effect, increasing synaptic response. This stands in contrast to the similarities of the clinical phenotypes and they are therefore unlikely to be caused by the same mechanism and phosphorylation of Munc18-1 by Dyrk1a is not underlying the common symptoms observed in DYRK1A and STXBP1 associated disorders.
Methods
Laboratory animals. Animal experiments were approved by the animal ethical committee of the VU University/VU University Medical Centre (license number: FGA 11-03) and are in accordance with Dutch governmental guidelines and regulations. Animals were housed and bred according to institutional, Dutch, and U.S. governmental guidelines. Munc18-1 deficient mice were generated as described previously 54 . Munc18 null mutant mice are stillborn and can be easily distinguished from wild-type or heterozygous littermates. E18 embryos were obtained by cesarean section of pregnant females from timed mating of heterozygous mice. Munc18-1 lox mice Scientific RepoRtS | (2020) 10:3181 | https://doi.org/10.1038/s41598-020-59757-y www.nature.com/scientificreports www.nature.com/scientificreports/ were generated as described previously 55 . Newborn Munc18-1 lox mice were obtained at P0-1 from a homozygous litter. Newborn P0-P1 pups from pregnant female Wistar rats were used for glia preparations.
Constructs.
Single amino acid substitutions on T479 in Munc18-1 were generated using Quikchange and verified by sequencing. The Munc18-1 constructs were connected with a T2 linker to Cre-EGFP and cloned into pLenti vectors, ensuring that expression levels of Cre-EGFP and Munc18-1 were similar. Viral particles were produced as described 56 . Transduction efficiencies of lentivirus containing Munc18-1 were assessed on HEK293T cells using a concentration range, and were taken into account when viruses were applied to neuronal cultures. For this purpose, Human embryo kidney 293 T (HEK293T) cells were infected with lentivirus 1 day after plating in DMEM containing 10% fetal calf serum (FCS; Gibco) and 1% penicillin/streptomycin (Gibco) and number of GFP positive cells were counted after 1 day.
Immunoprecipitations. HEK293T cells were cultured in DMEM supplemented with 10% FCS, pen/ strep(1:100) and non-essential amino acids (1:100; all Invitrogen) and plated in 6-wells dishes to 30% confluency on the day of transfection. Cells were transfected with Munc18-1 and myc tagged active Dyrk1a constructs (AA 1-499; Millipore) using calcium phosphate precipitation. The cells were washed 16 hr after transfection (DMEM). Immunoprecipitations were done 36 hours after transfections. Cells were lysed in IP-buffer (50 mM Tris-HCl pH 7.5, 1% Triton-X100, 1.5 mM MgCl 2, 5.0 mM EDTA, 100 mM NaCl). Lysates were centrifuged 10 min at 4 °C 16000 g and supernatants were collected. Antibodies against myc or munc18 were added to the supernatant. ProteinA Agarose beads were added (Vector Laboratories) and the samples were tumbled 2 hours at 4 degrees. After the immunoprecipitations were washed 5 times with IP-buffer, the samples were eluted from the beads with Laemmli sample buffer (2% SDS, 10% glycerol, 0.26 M B-mercaptoethanol, 60 mM Tris-HCl pH 6.8) and analysed with SDS-PAGE.
Protein chemistry. Samples were run on a 9% SDS-PAGE gel and transferred to Immuno-Blot PVDF Membrane (bio-rad). Blots were stained for myc (Genetex) and Munc18-1 (cell signalling). Secondary antibodies were conjugated with Alkaline Phosphatase (Jackson lab) and Attophos (Promega) was used as substrate. The blots were imaged with the Image Reader FLA-5000 (Fuji) In vitro kinase assay. HEK293T cells were transfected with Munc18-1. 36 hours after transfection cells were lysed in 1x Laemmli sample buffer (2% SDS, 10% glycerol, 0.26 M B-mercaptoethanol, 60 mM Tris-HCl pH 6.8). After denaturing (boiling for 5 min) the samples were diluted 15x in IP-buffer (50 mM Tris-HCl pH 7.5, 1% Triton-X100, 1.5 mM MgCl 2, 5.0 mM EDTA, 100 mM NaCl). Munc18-1 was immune-precipitated with polyclonal Munc18-1 Antibody (cell signalling). ProteinA agarose beads were added and the samples were tumbled for 2 hours at 4 degrees. After 2 hours the precipitations were washed 2x with IP-buffer and 3x with 1x kinase buffer (New England Biolabs). Kinase mixes with either active Dyrk1a (Millipore) or ERK (Sigma Aldrich) were added to the samples (400 ng kinase for each sample). 25 μM [γ-32P]-ATP was added and samples were incubated at 37 °C for 30 minutes. The kinase reaction was stopped by adding 5ul 5x Laemmli sample buffer and samples were boiled for 5 minutes before analysing them with SDS-PAGE. The gels were imaged with the Image Reader FLA-5000 (Fuji).
Dissociated neuronal cultures.
Hippocampi from Munc18-1 lox mice were collected in ice-cold Hanks' buffered salt solution (HBSS; Sigma) buffered with 7 mM HEPES (Invitrogen). After removal of the meninges, hippocampi were incubated in Hanks-HEPES containing 0.25% trypsin (from 10x stock, Invitrogen) for 20 minutes at 37 °C. After washing, neurons were triturated in DMEM, supplemented with 10% FCS, 1% nonessential amino acids (NAA) using a fire-polished Pasteur pipette and counted in a Fuchs-Rosenthal chamber. Neurons were plated in pre-warmed Neurobasal medium supplemented with 2% B-27, 1.8% HEPES, 0.25% glutamax, and 0.1% Pen/Strep (all Invitrogen) and infected with lentiviral particles encoding Munc18-1 variants after 3 days in vitro (DIV).
Hippocampal Munc18-1 lox neurons were plated on micro-islands of rat glia at a density of 1.5 k per well in a 12-well plate to achieve autaptic cultures. To generate micro-islands, glass coverslips (Menzel) were etched in 1 M HCl for at least 2 hours and neutralized with 1 M NaOH for maximum 1 hour, washed thoroughly with MiliQ water, and washed once with 70% ethanol. Coverslips were stored in 96% ethanol and coated with agarose type II-A (0.0015% in H 2 O, Sigma). Coating was done by spreading a thin layer of agarose solution (heated in a microwave and kept at 55 °C during use) with a cotton swab over the entire coverslip. Microdots were created using a custom-made rubber stamp (dot diameter 250 µm) to apply a solution consisting of 0.1 mg/ml poly-D-lysine (Sigma), 0.7 mg/ml rat tail collagen (BD Biosciences), and 10 mM acetic acid (Sigma) by stamping from a wet filter paper (3-mm cellulose chromatography paper, Whatman). Coverslips were UV-sterilized for 20 minutes before further use. Astrocytes were plated at 6-8 k/well in prewarmed DMEM (Invitrogen) supplemented with 10% FCS, 1% nonessential amino acids (NAA), and 1% penicillin/streptomycin (all Gobco).
Electrophysiological recordings. Autaptic cultures of
Munc18-1 lox neurons were grown for 12-15 days before electrophysiological measurements were performed. Whole-cell voltage-clamp recordings (V m = −70 mV) were performed at room temperature. Borosilicate glass pipettes (2.5-4.5 mOhm) filled with 125 mM K + -gluconic acid, 10 mM NaCl, 4.6 mM MgCl, 4 mM K2-ATP, 15 mM creatine phosphate, 10 U/ml phosphocreatine kinase, and 1 mM EGTA (pH 7.3, 300 mOsmol). External solution was made up of 10 mM HEPES, 10 mM glucose, 140 mM NaCl, 2.4 mM KCl, 4 mM MgCl 2 , and 2 mM CaCl 2 (pH 7.3, 300 mOsmol). Only excitatory neurons, identified by decay of the postsynaptic currents, were included. Recordings were acquired with an Axopatch 200B amplifier, Digidata 1440 A, and ClampX 10.2 software (Molecular Devices). After whole-cell mode was established, only cells with an access resistance of <15 mΩ and leak current of <500 pA were included in the analysis. Evoked EPSCs were elicited by a 1 ms long depolarization to 30 mV. RRP size was estimated using back-extrapolation by making a linear fit through the last 20 pulses of a 40 Hz stimulation train, where intracellular calcium levels are high and synchronous release has been mostly abolished. At this point newly-recruited fusion-capable vesicles are released immediately. This is considered to be a steady-state situation, at which a linear back-extrapolation procedure can be used to estimate the size of the initial RRP (y-axis intercept) corrected for vesicle recruitment. Offline analysis was performed using custom-written software routines in Matlab R2017b (Mathworks).
Immunocytochemistry. Cover slips from the same 12-well plates used for electrophysiology were used each week to control Munc18-1 levels as well as assessment of morphology. Cultures were fixed with 3.7% formaldehyde (Electron Microscopy Sciences). After washing with PBS, cells were permeated with 0.5% Triton X-100 for 5 minutes and incubated in 2% normal goat serum and 0.1% Triton X-100 for 20 minutes to block non-specific binding. Cells were incubated for 2 hours at room temperature with a primary antibody mixture of polyclonal guinea pig anti-Synaptophysin-1 (1:1000, SYSY), polyclonal chicken anti-MAP2 (1:10,000, Abcam), and polyclonal rabbit anti-Munc18-1 (1:1000, described previously 57 ) antibodies. After washing, cells were incubated for 2 hours at room temperature with secondary antibodies conjugated to Alexa dyes (1:1,000, Molecular Probes) and washed again. Coverslips were mounted with DABCO-Mowiol (Invitrogen).
Microscopy. Images of single cells were acquired with a confocal microscope (LSM 510, Carl Zeiss) using a 40x oil immersion objective (NA = 1.3) with 0.7x zoom at 1024 × 1024 pixels and averaged over four scans. Neuronal morphology and protein levels were analysed using automated image analysis routine 58 . Whole coverslips images were acquired using a confocal microscope (Nikon A1 plus) with a 10x Plan Apo λ objective (NA = 0.45) at 1024 × 1024 pixels and averaged over two scans. Z-stacks were acquired with an interval of 3.7 µm, individual images were stitched together and maximally projected for analysis and display. Data analysis. Data is presented as mean values ± SEM, with n referring to the number of cells from each group. Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software). Data was tested for normality with the Kolmogorov and Smirnov test. As the data was not normally distributed the nonparametric Kruskal-Wallis test and Dunn's multiple comparison test were used. P-values below 0.05 are considered significant.
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